We report on the first measurement of narrow photoassociation lines of 40 Ca near the 3 P1+ 1 S0 asymptote related to the molecular states 3 Πu and 3 Σ + u . The highly accurate binding energies and Zeeman splittings are well described by a coupled channel theoretical model, confirming theoretical predictions of long-range coefficients. Our analysis shows that only the inclusion of both energies and Zeeman splittings provides an accurate description of the long-range interaction potentials.
PACS numbers: 34.50.Rk, 34.20.Cf, 33.15.Kr Recently, alkaline earth elements like Mg, Ca, Sr and isoelectronic systems like Yb have attracted broad attention due to their narrow intercombination transitions with various possible applications in physics and technology. These include utilization in optical atomic clocks [1, 2] , quantum computation [3] , precision measurements [4] , determination of molecular potentials with high accuracy [5] , investigation of scattering processes [6] , or the production of ultra cold molecules in the ground state [7] with the prospect of studying ultracold chemistry. The precise determination of the long range interaction between atoms in the corresponding states by photoassociation spectroscopy is a prerequisite for many applications.
The first narrow line photoassociation investigations of alkaline earth (like) elements have been performed at the 1 S 0 − 3 P 1 transition in Yb [8] (atomic line width Γ/2π = 182 kHz) determining scattering lengths and potentials [9] and studying molecule formation [10] . For the alkaline earth element Sr (Γ/2π=7 kHz) narrow line photoassociation has been observed [11] [12] [13] .
In our investigation with 40 Ca (Γ/2π = 374(9) Hz [14] ) we enter a regime where the long range potentials are dominated by the van der Waals (C 6 ) interaction. As has been pointed out by [15] due to the similar van der Waals coefficients in the involved ground and excited state potentials of Ca 2 the photoassociation (PA) differs considerably from other elements with significant dipole interaction like Sr and Yb and it leads to a large probability for spontaneous decay to bound ground state molecular levels [15] and does not allow to apply the reflexion approximation [16] for the calculation of line intensities.
The small C 3 coefficient (dipole-dipole interaction) in Ca and the dominant C 6 interaction result in two excited long range attractive potentials 3 Π u and 3 Σ + u ( Fig. 1 ). This potential scheme differs from all other so far investigated PAs of homonuclear molecules. The molecular states within these similar potentials can effectively couple by rotational and spin-orbit interaction which leads to a striking dependence of the molecular g factor on the rovibrational levels.
In our experiment bosonic 40 Ca atoms are trapped and cooled in two subsequent stages of magneto-optical trapping [14] and loaded into a crossed optical dipole trap with one horizontal and one tilted beam [1] at a temperature of 12 µK. After further evaporation by lowering the trap depth about N = 150 000 atoms are prepared at a temperature of T ≈ 1 µK and a peak density of ρ ≈ 1.1 · 10 19 m −3 . The 657 nm PA laser with a line width below 2 kHz can be precisely tuned relative to an ultra stable reference resonator [18] . For each PA line the eigenfrequency of the resonator was determined with respect to the atomic 1 S 0 − 3 P 1 transition frequency ν atom [19] . The trapped atoms are irradiated by the PA laser for typically 1 s and with an intensity of up to 150 W/cm 2 . During PA excitation a homogeneous magnetic field of B = 0.285(7) mT, calibrated by the atomic Zeeman splitting [3] , is applied. The trap loss caused by photoassociation as a function of the laser frequency is observed from absorption images of the atomic cloud.
At the low temperature of our experiment only s-wave scattering is expected for bosons in the ground state and 2 . The black full line and the red dashed line show fits (see text) for a temperature of T = 1.0 µK and T = 0.5 µK, respectively. The dotted lines indicate the calculated resonance frequencies at T = 0 and the dash-dotted line the resonance frequency extrapolated to zero trap depth.
thus only molecular states with total angular momentum J = 1 and negative parity can be excited. Fig. 2 shows the M J = 0 PA resonance for the weakest bound state v ′ = −1 of the c 3 Π u (0 + ) potential for two different beam powers of the dipole trap.
We describe the trap loss data as a pure two body lossṅ = −Kn 2 for density n and with a loss coefficient K given as a sum of Gaussians weighted and shifted according the thermal distribution [2] . The two fitted lines in Fig. 2 represent a temperature of 1.0 µK and 0.5 µK and a Gaussian Full With at Half Maximum (FWHM) of 42 kHz and 18 kHz, respectively. These temperatures agree with the temperatures estimated from the trap depths. Additionally performed time-of-flight measurements for the case of the deep trap yielded 1.1(1) µK. These temperatures correspond to a Doppler broadened Gaussian with FWHM of 36 kHz and 25 kHz, respectively, in fair agreement with the fit. This Doppler width is more than an order of magnitude larger than the molecular natural line width (≈ 2Γ( 3 P 1 )/2π = 748 Hz) which justifies the choice of Gaussians rather than Lorentzians in modeling the line shape. In difference to other PA measurements [12, 22] no phenomenological linewidth broadening factor is introduced.
From the fit we obtain the extrapolation to the position of the resonances at T = 0, which is indicated in Fig. 2 
The red solid curves are simulated profiles, see text.
line position (dash-dotted line) was determined by linear extrapolation to zero dipole-trap depth.
To derive the exact binding energies h∆ b with respect to the 1 S 0 − 3 P 1 asymptote from such curves we include additional corrections due to molecular photon recoil shift and ac-Stark shift from the PA laser [19] . The shift from the PA laser was linearly extrapolated to zero intensity from measurements at different PA intensities. The PA induced lightshift for the case in Fig.  2 for 6 mW/cm 2 was estimated to be less than 1 kHz. We have measured transitions between the ground state continuum of atom pairs to the three weakest bound vibrational states of the two excited ungerade potentials ( Fig. 1) , denoted c 3 Π u and a 3 Σ + u in Hund's coupling case (a), which correlate to the asymptote 1 S+ 3 P 1 as c0 + u and the strongly mixed (a, c)1 u , respectively. The binding energy was determined by fitting the loss coefficient K by a single Gaussian instead of the detailed evaluation for Fig. 2 . We further assume a linear dependency of the thermal energy shift on the trap depth. Thus the thermal shift as well as the light shift were corrected by the linear extrapolation to zero dipole trap laser intensities.
For each of these lines we applied individual corrections as described above. The corrected binding energies h∆ b are given in table I together with derived uncertainties as detailed in [19] .
From the observed Zeeman splitting (Fig. 3 ) the molecular g factor was determined (see table I ). The magnetic field is so small, that only a linear Zeeman effect is expected. Observed small and unsystematic asymmetries of the Zeeman splittings in particular triplets were treated as contribution to the uncertainties. In our setup (7) the PA laser beam is perpendicular to the magnetic field, thus we can not distinguish between ∆M = ±1 transitions and only the absolute values of the g factors could be experimentally determined. The fact that we observe significant Zeeman-splitting in all states also for Ω = 0 requires a theoretical model which takes into account the coupling by spin-orbit and rotational interaction.
Our model is similar to the one of Ciurylo et al. [15] . Their model spans the Hilbert space of molecular states resulting from atomic pairs in quantum states 1 S 0 + 3 P j and 1 S 0 + 1 P 1 with j = 1 and 2. We reduce it to 1 S 0 + 3 P j , because the singlet-triplet coupling in Ca is much weaker than in Sr, but we include this coupling by setting up weak effective dipole-dipole terms in the long range potentials, the magnitudes of which are estimated from the radiation life time of 3 P 1 and the transition frequency of the intercombination line. Because s-wave photoassociation from 1 S 0 + 1 S 0 will only excite molecular levels with total angular momentum J = 1 and parity −, we consider the following three molecular states given in the notation of Hund's coupling case (e) |(L, S)j, l, J : |(1, 1)1, 0, 1 , |(1, 1)1, 2, 1 and |(1, 1)2, 2, 1 . Here, l describes the overall rotation of the atom pair and the other symbols have their conventional meaning. The related molecular potentials in Hund's case (a) have the labels a 3 Σ + u and c 3 Π u , where only the u symmetry is relevant for the present photoassociation. The molecular potentials (see Fig. 1 ) are constructed from known spectroscopic results [23] and extensions for long range with R > R o = 1.2 nm:
(1)
The resonant dipole-dipole term
is estimated according to [15] [24] from the lifetime of state 3 P 1 τ = 0.426(10) ms [14] and the transition frequency 15210.064
. The full Hamiltonian includes the spin-orbit interaction and the molecular potentials, which are transformed from case (a) to case (e) using the transformation matrix as given in the appendix of [15] . The three relevant basis vectors in Hund's case (a) |Λ, S, Σ, J are: c|1, 1, −1, 1 , c|1, 1, 0, 1 and a|0, 1, 1, 1 . The first two states will be mixed by Coriolis coupling and the last two by spin-orbit interaction. Because of the general dipole-dipole term for state c, the Hamiltonian will contain such contribution also for the basis vector c|1, 1, 0, 1 , which correlates to the atomic pair 1 S 0 + 3 P 2 where this term should actually vanish. We neglect this contribution because of the large spin-orbit interaction compared to this artificial dipole-dipole term. The resulting amount of energy in the eigenstates correlating to 1 S 0 + 3 P 1 is only in the order of the experimental uncertainty of the energy measurements. The eigenenergies and eigenvectors are determined by diagonalizing the Hamiltonian in discrete variable representation (DVR) with appropriate mapping functions for reducing the number of grid points on the internuclear axis.
The Zeeman energy can be well approximated in Hund's case (e), neglecting the rotational Zeeman energy, which is very small for a homonuclear molecule with completely balanced charge distribution [25] . The matrix element of the Zeeman operator for a magnetic field B 0 in space fixed direction z can be written:
where µ B is Bohr's magneton, g j the atomic g factor, and the function cg() the Clebsch-Gordan coefficient for the coupling of j with l to the total angular momentum J. The Clebsch-Gordan coefficient projects out the appropriate magnetic moment for the rotating pair in state l. The total Zeeman energy is calculated by the sum over the needed matrix elements times the probability of the corresponding basis state in Hund's case (e) for the considered eigenvector. We neglect any quadratic Zeeman effect, because the applied field is too low to give a significant contribution. The energies of the observed six PA resonances and their molecular g factors were fitted simultaneously. A non-linear least squares fit routine varies the long range parameters C 6 and C 8 and the slope of the short range repulsive branch to get the proper phase of the long range wave function. The C (0) 3 coefficient was held fixed at the value given above. In total, six parameters were adjusted for twelve observables. Only the six energies are very precise and thus we expect significant correlations between these parameters. The fit results are given in [26] and Ciurylo et al. [15] .
table I, where one sees that the energies are reproduced almost exactly, which reflects the case of six highly precise energies fitted by six parameters, the additional data on the g factors look like a byproduct only. But during the fitting procedure we found solutions, which describe the energies as precisely as given in the table while the g factors were significantly off. To force a fit for modeling also the g factors, we increased the weight of those by up to a factor 10000 for some iteration steps and used the proper weighting by the experimental uncertainty only at the end. The derived long range parameters are shown in table II and compared with earlier theoretical results. The C 6 coefficients agree to about 2% and have values between the theoretical estimates. The C 8 values show deviations up to 20%. We believe that this deviation between experiment and theory is not really a discrepancy and we would attribute it partly to unresolved correlations between the experimentally derived values. But we point out, that this fairly close agreement to theory was only obtained, when fitting properly the g factors.
We studied the internal dependencies on the long range parameters by setting different cases of C i . First we checked the significance of the dipole-dipole term and set the C (0) 3 value to zero in a fit. We found a set of parameters which described the energies very well but failed for the observed molecular g factors. Thus despite the small value of C (0) 3 , it is necessary for getting the proper coupling between the states in Hund's case (e). From the many trial fits with combinations of C 6 and C 8 depending on the chosen magnitude of C (0) 3 we see the statistical spread of the derived coefficients with their correlation. We conclude that the accuracy of the derived C 6 values should be about 5% and those for the C 8 about 20%, but the total long range function will be much better in the range R > 1.6 nm.
The Zeeman effect is well described by our model including its strong dependence on the quantum number Ω and on the magnitude of the binding energy. It also gives the sign of the g factor. During the evaluation of the data we found fits in which within the series of observed levels a level with Ω = 1 belonging to the asymptote 1 S 0 + 3 P 2 appeared. The energies were still well described, but the g factors immediately indicate that this was a wrong solution. Thus having Zeeman data gives a very important insight into the kind of superposition of the basis vectors. As known from many examples in physics, energies are less sensitive to the composition of eigenvectors than magnetic or electric moments. The theoretical g factors are slightly smaller than the experimental ones. Such deviation could indicate that a coupling to an additional electronic state is missing in the theoretical model. This could be a state from asymptote
The latter case is interesting because this coupling was already studied by Allard et al. [23] in the deeply bound region. Here the combination of both experiments would be of scientific value. Table I also includes an extrapolation to larger binding energies, but we limited this to the next missing member of each series, because the correlation in the long range parameters prohibits reliable long extensions. The energies given should be good up to few ten MHz and the g factors to ±0.02.
In conclusion we have presented the first measurement of the narrow photoassociation lines of 40 Ca near the 3 P 1 + 1 S 0 asymptote and we described the observed energy levels and low-field Zeeman splittings by a theoretical model, including rotational and spin-orbit interactions. The coupled channel calculation indicates that for the exact experimental determination of the long range potential parameters the measurement of the g factors is essential.
The achieved accuracy is already more than one order of magnitude higher than PA measurements for Yb [27] and several times higher compared to PA measurements for Sr [12] . In contrast to these elements in Ca the current width of the PA resonance is still well above the natural line width. Thus the accuracy can be significantly improved by going to lower temperatures and thereby reducing the Doppler broadening. A temperature of 150 nK has already been obtained by evaporative cooling leading to a 40 Ca Bose-Einstein-Condensate [1] . The determination of binding energies with less than 1 kHz uncertainty, possible under these conditions, and/or measurements of deeper bound states will further establish Ca as a prototype system to test theoretical predictions for the long range potentials and help to develop more complete coupled channel models, where the coupling to other electronic states, e.g. correlating to the 1 S 0 + 1 P 1 asymptote, can be considered.
The knowledge of the PA resonances allows to generate ultracold molecules in the electronic ground state by two photon PA or spontaneous decay. Such decay into bound ground state molecular levels is strongly enhanced due to the similarity of ground state and excited state potentials [15, 28] .
The narrow line width of alkaline earth elements is expected to solve the loss problem [29] associated with the use of optical Feshbach resonances for modification of the scattering length [22, 30] . Compared to first experiments with Sr [31, 32] and Yb [33] , the even narrower linewidth of Ca lets us expect smaller losses, which enables a wide range of applications, like highly flexible modification of the particle interaction on short time and length scales through the scattering length [34, 35] This supplement presents the details of modeling of trap loss, the determination of the binding energies h∆ b and g factors of the photoassociation (PA) resonances relative to the atomic asymptote and the corresponding measurement uncertainties.
TRAP LOSS DESCRIPTION
To determine the line center from the observed atomloss spectra, we model the evolution of the atomic density n during photoassociation bẏ
where K is the PA loss rate coefficient which is a function of the frequency detuning ∆ from the PA resonance, the PA spectroscopy laser intensity I and the atomic temperature T . In this equation the contribution of three-body losses [1] (proportional to n 3 ) were neglected, as this effect leads to less than 20% atom loss during the duration of PA of 1 s. Losses from collisions with background gas (proportional to n) were also neglected, since the corresponding lifetime in the crossed dipole trap was measured to be τ ≈ 56 s, which leads to insignificant atom loss during the duration of PA.
Assuming constant trap size during PA, the atomic density is proportional to the total atom number N . Thus we use the solution of the differential equatioṅ
where the coefficient β ∝ K depends on the trap geometry and the temperature T . The solution of this differential equation is given by
where t is the PA exposure time and N 0 the initial atom number, which we take as the atom number far of resonance (β = 0).
PA FREQUENCY CORRECTIONS
To determine the binding energy h∆ b from the frequency of the unperturbed PA resonance relative to the atomic asymptote several corrections were taken into account: the photon recoil shift for the Ca 2 molecule and the Ca atom, the thermal shift due to the initial kinetic energy from the relative motion of the colliding atoms of about 3/2 · k B T /h [2] , and light shifts from the dipole trap and the PA laser.
In the one photon excitation from a single laser beam with wave vector k, the absorbed photon frequency is bigger than the atomic or molecular transition frequency due to the additional kinetic energy of the recoiling particle with mass M of
which amounts to ∆ rec = 11.55 kHz for a 40 Ca atom and 5.78 kHz for a Ca 2 molecule.
For the PA lines, the molecular light shift of the dipole trap and the shift due to thermal energy was corrected simultaneously by varying the dipole trap depth U by a factor of two. We assume a light shift proportional to the dipole laser intensity and thus to U . Since in our experimental conditions due to evaporation the temperature is proportional to U , also the thermal energy shift shows the same dependence. Time of flight (TOF) measurements and a line fit using a detailed model including the thermal broadening (see figure 2) both confirm a temperature proportional to U to an uncertainty of 0.1 µK.
Thus describing the observed loss at the two trap depths by single Gaussian-shaped loss coefficients β(∆), the unperturbed resonance (T = 0 and no light shift from dipole trap) was obtained by linear extrapolation to U = 0. For the first measured PA line this simplified analysis was compared to the complex fit (see Fig. 2 ) which leads to the same unperturbed resonance within 4 kHz and therefore below the fit uncertainty.
The uncertainty of this correction is due to statistical uncertainties in the frequency values from the Gaussian fit to the measurement data used for the extrapolation. The non-linearity of the trap laser intensity variation was checked to be less than 1% and was therefore not taken into account separately. Furthermore the uncertainty in the two temperatures of 0.1 µK leads to an additionally frequency uncertainity of 4.5 kHz for the extrapolated value at T = 0.
For the PA resonances v ′ = −1 at 309 MHz and 983 MHz (see Table I In addition to the ac-Stark shift due to the dipole trap the PA lines are also influenced by the ac-Stark shift due to the PA spectroscopy laser. In order to determine this ac-Stark shift the PA resonances were measured with different PA laser intensities. We assume a linear dependence of the ac-Stark shift on the light intensity and extrapolate to zero PA laser intensity (table III) . The weakest bound states v ′ = −1 were measured at low PA intensities, where no light shift due to the PA inducing laser light was observed within the experimental uncertainty. To compare the PA line position with the atomic transition frequency, within one hour in a second step the atomic 1 S 0 − 3 P 1 transition was also measured relative to the eigenfrequency of a ULE reference resonator. Due to technical reasons the atomic line was measured under different conditions in each measurement run. Thus such measurements were repeated for each individual PA measurement.
For the two weakest bound states v ′ = −1 the atomic reference transition is measured in the dipole trap. Here we observed the atomic line at half the dipole trap depth and linearly extrapolated to zero trap depth with an uncertainty given by the fit of 2 kHz. As mentioned above the non-linearity of the intensity variation was less than 1% and therefore was not taken into account separately.
The atomic spectrum for the v ′ = −2 state in potential c0 To correct the atomic light shift due to the dipole trap we use the laser beam radii at trap position of w hor = 36 µm, w tilt = 77 µm) to calculate the corresponding intensity. The light shift was then corrected using the dependency on the intensity as determined in the v ′ = −1 measurement run. Here the total uncertainty is given by the uncertainty of the light shift determination for the states v ′ = −1 plus uncertainty in the beam radii (contributing 3 kHz) and an additional uncertainty from an estimated 20% uncertainty in intensity of the dipole trap beams due to possible changes in the alignment of the dipole laser beams (contributing 20 kHz).
For deeper bound molecular states the eigenfrequency of the ULE resonator relative to the atomic asymptote was measured in absence of the dipole trap and thus no light shift correction was required. The uncertainties for these measurements are therefore given by the fit uncertainty of the spectra. (see Table III) As the PA lines and the atomic line were measured one after another within less than one hour with respect to an ultrastable reference cavity, also the stability of that cavity had to be considered. Averaging over months we observe a drift of the cavity eigenfrequency due to aging of 34 mHz/s, which was automatically compensated. Additional deviations during a day of less than ±2 kHz were determined by previous absolute frequency measurements with a femtosecond frequency comb. Also during repeated measurements of the atomic transition during this work no additional drift was observed within the experimental resolution of 4 kHz, thus the uncertainty due to incompletely compensated cavity drift is neglected.
g FACTOR DETERMINATION
In order to determine the g factors of each PA resonance additionally to the M J = 0 component the M J = ±1 components were measured. Simplified fits using a loss coefficient with a single Gaussian frequency dependence of each Zeeman component were used to determine the line centers. A drift of the initial atom number N 0 during the measurement was taken into account by a linear variation of N 0 . The magnetic field was calibrated by measuring the atomic Zeeman splitting at a given current through the Helmholtz coil and using the atomic g factor g 1 = 1.5010829 (28) [3] of the 3 P 1 state. Two effects mainly contribute to the uncertainty of the molecular g factors for each PA resonance: The uncertainty of the magnetic field and the asymmetry of the splitting (see Table IV ).
For the weakest bound states v ′ = −1 we could measure the atomic Zeeman splitting within minutes after measuring the molecular Zeeman splitting. Several measurements during a day indicate that no resolvable change in the field strength on this time scale occurred. Therefore the uncertainty in the field strength was below 0.1%. For deeper bound molecular states it was not possible to observe the atomic Zeeman splitting during the same measurement run. The field strength was therefore calibrated several times on different days by the atomic Zeeman splitting of 5.99 (18) MHz for the same coil current.
The asymmetry of the splitting, i.e. the difference be- tween the M J = −1, 0 and the M J = 0, 1 splitting was up to 30 kHz, which is in the order of 1% of the total splitting. Possible mechanisms for the asymmetry could be a quadratic molecular Zeeman effect, tensor and vector light shifts caused by the dipole trap and M j dependent light shifts from the PA laser. As the asymmetry did not show a clear systematic behaviour we have used the mean value of the splitting for the determination of the effective g factors and have included the full asymmetry into the uncertainty.
All uncertainties are shown in Table IV. 
